Alkanes are one of the most widespread contaminants in the natural environment, primarily as a consequence of biological synthesis and oil spills. Many indigenous microbes metabolize alkanes, and the chemotaxis and accumulation in some strains has been identified. For the first time, we apply Raman microspectroscopy to identify such chemotaxis-related affinity, and quantify the alkane concentrations via spectral alterations. Raman spectral alterations were only found for the alkane chemoattractant bacteria Acinetobacter baylyi ADP1, not for Pseudomonas fluorescence, which exhibits limited chemotaxis towards alkane. The significant alterations were attributed to the strong chemotactic ability of A. baylyi enhancing the affinity and accumulation of alkane molecules on cell membranes or cellular internalization.
Introduction
Many hazardous chemicals have been released into the environment through various industrial activities. Particularly, with industrial development and urbanization processes, the increasing usage of crude oil has consequently been associated with numerous oil spill accidents and contaminated sites. Since 1969, there have been >40 large oil spill incidents worldwide, including the Exxon Valdez oil spill in Prince William Sound in 1989 1,2 , the Deepwater Horizon oil spill in Gulf of Mexico 3 and the Xingang oil spill in Dalian 4 in 2010. These incidents have resulted in large areas of oil-contaminated sites, damaged ecological systems and threats to human health 5, 6 .
Chemical analysis of alkanes predominantly includes gravimetric 7-9 , fluorophotometry 10, 11 , infrared (IR) absorption 12 , gas chromatography flame ionization detector (GC-FID) 13 or gas chromatography mass spectrometry (GC-MS) methods 14 , but samples require pre-treatment using solvent extraction or solid-phase microextraction (SPME) 15 . To evaluate alkane bioavailability or bioaccessibility, some whole-cell bioreporters have been developed 16 and even applied in real-world cases 4, 17 , but they suffer from relatively low reproducibility. Considering the rapid response required to oil spill incidents, it is necessary to develop some real-time and non-destructive screening tools to achieve fast and reliable detection of crude oil contamination.
In the natural environment, alkanes are the main components of crude oil and carbon sources for many bacteria, and alkane chemotaxis has been found in some species 18 . Chemotaxis-related affinity to alkanes facilitates bacterial movement in alkane gradients and contributes to their elevated abilities to access and utilize alkane substrates 19 . In Pseudomonas aeruginosa PAO1, the tlpS gene, which is located downstream of the alkane monooxygenase alkB1 gene, is believed to encode a methyl-accepting chemotaxis protein (MCP) that confers the chemotactic response to hexadecane 20 . Another Pseudomonas strain, P. putida GPo1, has the alkN gene encoding an MCP for alkane chemotaxis 21 . Flavimonas oryzihabitans is reported to exhibit weak chemotactic responses to hexadecane but its mechanisms remain unknown 22 . The alkane chemotaxis machinery of marine alkane degrader Alcanivorax dieselolei consists of eight cytoplasmic chemotaxis proteins, including MCP and flagellar proteins 23 . Acinetobacter baylyi is the bacterial species with the strongest alkane chemotaxis and accumulation 16, [24] [25] [26] . In A. baylyi, the putative gene encoding 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 60 an MCP is chpA which has high similarity to cheY (fused chemotactic sensory histidine kinase) and ompR (two-component response regulator) in Escherichia coli, suggesting potentially similar chemotaxis machinery. A. baylyi cells have high affinity only to alkane droplets, but not to other hydrophobic molecules 16 , suggesting that the MCP has high recognition specificity to linear alkanes. Meanwhile, alkane chemotaxis further helps microbial accumulation, internalization and degradation of alkanes by providing enhanced opportunities to seek out linear alkanes. The fimbriae on the surface of Acinetobacter cells are postulated to drive the access to alkane droplets for cellular uptake [27] [28] [29] . Trapped alkane droplets on the cell surface are subsequently transported into bacterial cells after being emulsified by biosurfactant mediation [30] [31] [32] .
Raman microspectroscopy has been widely applied in biological molecule detection, as a fast, reproducible and non-destructive approach generating a chemical fingerprint 33 . It has been well developed to identify bacteria and study their responses to their environment [34] [35] [36] [37] . Most spectrally-identified biological molecules are well characterized, such as purine, pyrimidine, amino acids and proteins [38] [39] [40] [41] [42] . Though many approaches, such as swarm plates 43 , capillary assays 44 , temporal stimulation of tethered cells 45 and automated tracking of swimming cells 46 , have been applied to test the bacterial chemotaxis towards specific chemicals, there is still no study exploring Raman spectral alterations during chemotaxis-related affinity and bioaccumulation processes. The chemotactic behaviour of alkanes hints at the possibility that alkane molecules will accumulate on the membrane and/or in the cytoplasm of bacterial cells, potentially allowing them to be identified in Raman spectra.
In the present study, we used the Raman microspectroscopy to distinguish the spectral alterations and quantify alkane concentrations based on the chemotaxisrelated alkane accumulation of A. baylyi. For the first time, we demonstrate that chemotaxis-related alkane affinity and accumulation is measurable by Raman microspectroscopy and the MCP of A. baylyi is highly specific to alkane molecules, instead of monocyclic aromatic hydrocarbons (MAHs) or polycyclic aromatic hydrocarbons (PAHs). Not only contributing to fast quantification of aqueous alkane concentrations, this method also has the potential as a screening tool in characterising chemotaxis-related affinity and accumulation towards various chemicals.
Experimental section

Strains and Growth Conditions
The two bacterial strains used in this study were the alkane chemotactic Acinetobacter baylyi ADP1 and chemotaxis-negative Pseudomonas fluorescence. Both strains were grown in minimal medium with 20 mM sodium succinate as the sole carbon source, at 30°C and 150 rpm for 16 h. The 1.0 litre minimal medium contained 1.0 g (NH 4 
Hydrocarbon exposure
Unless specifically stated otherwise, all chemicals in this study were of analytical grade and purchased from Sigma Aldrich (UK). The hydrocarbons included six pure chemicals: dodecane, tetradecane, toluene, xylene, phenanthrene and naphthalene; and, two hydrocarbon mixtures: crude oil and mineral oil. They were dissolved in dimethyl sulfoxide (DMSO) to prepare the 10 g/L stock solution, and serially diluted to 0.1-5.0 g/L. The hydrocarbon stock solution was separately mixed with bacterial suspensions
(1:100, v/v) to reach a final concentration of 100 mg/L. After 1-h exposure at 30°C, the medium was removed by 5 min centrifugation at 5,000 rpm, and the cell pellets were re-suspended in deionized water and washed twice.
The time-dependence of chemotaxis-related chemo-association was measured by exposing A. baylyi suspensions to dodecane, tetradecane, crude oil or mineral oil for 0.5, 1, 3 and 5 h at 30°C, respectively. The final alkane concentrations were 100 mg/L.
The cells were further centrifuged at 5,000 rpm for 7 min, and washed twice by deionized water.
To establish the dose response of alkane accumulation, different volumes of dodecane, tetradecane, crude oil or mineral oil stock solution were added to 1 mL washed A. baylyi suspensions. The final concentrations were: 1, 2, 5, 10, 20, 50 and 100 mg/L. After 1-h exposure at 30°C, the mixtures were centrifuged at 5,000 rpm for 7 min, and washed twice by deionized water. 
Hydrocarbon chemotaxis capillary test
To validate chemotaxis effects, conventional capillary tests were applied according to Alder's protocol 47 elution was evaporated in 40°C water bath and the hydrocarbons were measured by the gravimetric method.
Chemical analysis of hydrocarbons
Raman Microspectroscopy Analysis
Ten µL of washed cells were transferred onto a slide covered with aluminium foil and air-dried before Raman microspectroscopy analysis 49 . Raman spectra were obtained using an InVia confocal micro-Raman system (Renishaw, Gloucestershire, UK) equipped with a 100 mW 785 nm laser diode with a Rayleigh holographic edge filter. 
Raman Spectra Analysis
Unless otherwise stated, all data were normalized and analysed using the IRootLab toolbox for Matlab (version R2013b, MathWorks, USA) 50 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 (P-value <0.05) of LDA among the different treatments was performed using a oneway ANOVA and least significant difference (LSD) test.
Results and Discussion
Raman spectral characterization of A. baylyi exposed to alkanes Exposed to alkanes or oil droplets, A. baylyi bacterial cells were predominantly found on the oil-water interface and could emulsify hydrocarbons into small droplets (see ESI Figure S1 ). The majority of A. baylyi cells were found on the alkane-water interface, not in the aqueous phase, demonstrating their high affinity to alkane droplets. In contrast, the strains negative for or with minor alkane chemotactic properties, like P. fluorescence, exhibited a very weak oil droplets affinity and most bacterial cells remained in the water phase (see ESI Figure S1 ). Similarly, the droplets of alkane mixtures (mineral oil) or hydrocarbon mixtures (crude oil) also showed strong attraction to A. baylyi, but no adhesion with P. fluorescence. A. baylyi ADP1 has been reported with high affinity to alkane droplets 16 , explained as alkane chemotaxis 43, 52 . From the results of hydrocarbon capillary assay ( Figure. baylyi cells in capillary following exposure to alkane mixtures or pure alkanes ( Figure   2A ). Alkane chemotaxis significantly helps the internalization and utilization of the insoluble alkanes by A. baylyi ADP1 16 . The accumulation of alkane molecules either 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 on cell membranes or internalized within cells provides the opportunity to employ Raman microspectroscopy to investigate the chemotaxis-related affinity and accumulation of alkanes.
Since dodecane and tetradecane are both linear alkane molecules with carbon chain lengths of 12 and 14 respectively, their Raman spectra are similar ( Figure 1A and Table 1 , see ESI Figure S2A ). The predominant bands include 890 cm -1 (terminal methyl CH 3 rock), 1133 cm -1 (C-C asymmetric stretch and CH 2 wag), 1297 cm -1 (CH 2 twist) and 1439 cm -1 (CH 2 bend) 53 . The only difference between dodecane and tetradecane is the bands at 961 cm -1 and 1033 cm -1 in dodecane, which are attributed to CH 2 rock 54 . As the distillation product of crude oil, the Raman spectra of mineral oil (see ESI Figure S2C ) show distinct peaks at bands 1058 cm -1 and 890 cm -1 , assigned to CH 2 twist-rock and C-C stretch, respectively 55 . Although the CH 2 twist peak at 1297 cm -1 is observed for both crude oil and mineral oil, crude oil also contains MAHs and PAHs, and therefore possesses three unique peaks ( Figure 1B ):
benzene ring breathing band 1060 cm -1 , symmetric and antisymmetric CH 2 scissors vibration bands 1437 cm -1 and 1459 cm -1 56 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 
1663
C=C stretching Bacterial proteins -+++ +++ "-" represents no peak identified; "+" represents weak peak; "++" represents medium peak; "+++" represents strong peak. Brown or green symbols indicate characteristic peaks belonging to alkanes and A. baylyi, respectively. Red or blue arrows represent the increases or decreases in respective Raman intensity of A. baylyi post-exposure to alkanes. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 25, 26, 57 . From Figure 1A , 1B and Table 1 , both 777 cm -1 and 723 cm -1 bands refer to nucleic acids 58 . The band at 1441 cm -1 is assigned to glycine in bacterial cells 40 . Amino acids bands are also observed in the Raman spectra at 1238 cm -1 and 1311 cm -1 58 .The 1663 cm -1 band represents protein and the 1002 cm -1 band points to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 phenylalanine. Post-exposure to tetradecane or crude oil, entirely different Raman spectra are identified for the two strains. The Raman spectra of P. fluorescence remain unchanged, explained by the fact that alkanes exhibit no chemo-attraction and are not accumulated in P. fluorescence. Accordingly, all the P. fluorescence cells fall into one category after PCA (Figure 1C and 1D) and are indistinguishable pre-and post-exposure to tetradecane or crude oil. The Raman spectra of A. baylyi exhibit significant alterations post-exposure to alkanes ( Figure 1A, 1B and Table 1 ). Postexposure bacterial spectra are coupled with some key alkane bands. Two strong alkane bands, 1297 cm -1 (CH 2 twist) and 1439 cm -1 (CH 2 bend), are observed in all Raman spectra of A. baylyi exposed to tetradecane or crude oil.
In dodecane treatment, the specific 961 cm -1 and 1033 cm -1 bands are attributed to CH 2 rock ( Table 1 ). The bands 1058 cm -1 (CH 2 twist-rock) and 890 cm -1 (C-C stretch) only appear in A. baylyi treated with mineral oil (see ESI Figure S2D ), and the bands 1060 cm -1 (ring breathing of benzene) and 1430-1470 cm -1 (symmetric and antisymmetric CH 2 scissors vibrations) are found in the spectra of A. baylyi exposed to crude oil ( Figure 1B) . It is worth noting that both chemotaxis-related affinity and accumulation of alkane might contribute to the appearance of alkane characteristic bands, where alkane affinity significantly accelerates the access, accumulation and potential internalization of alkanes by A. baylyi and enhances Raman signals. PCA of Raman spectra ( Figure 1C and 1D) further proves that alkane affinity and accumulation result in the significant differentiation of A. baylyi post-exposure to tetradecane or crude oil. The category comprising A. baylyi treated with tetradecane is very close to that of pure tetradecane, whereas the crude oil exposure leads to similarity between A. baylyi and crude oil. They are both significantly separated from the original A. baylyi group. The results show that the significant Raman spectral alterations are caused by the alkane affinity and accumulation of A. baylyi. Moreover, the strong terminal methyl CH 3 rock (890 cm -1 ) is only found in A. baylyi spectra post-exposed to tetradecane, readily discriminated from those in crude oil treatment.
Therefore, our findings reveal that chemotaxis-related alkane affinity contributes to the adhesion of alkane molecules onto the membrane of A. baylyi cells, allowing further alkane accumulation or cellular internalization. Raman spectral alterations highlight such chemotaxis-related affinity and accumulation, and even distinguish the different chemo-attracted molecules quickly and with high reproducibility. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Specific chemotaxis-related alkane affinity and accumulation in A. baylyi
To test the specificity of the hydrocarbons affinity and accumulation in A. baylyi, various hydrocarbon molecules were tested, including pure alkanes (dodecane or tetradecane), alkane mixtures (mineral oil or crude oil), MAHs (toluene or xylene) and PAHs (naphthalene or phenanthrene). Raman spectral alterations are only found for pure alkanes or alkane mixtures ( Figure 2B , see ESI Figure S2 ). PCA differentiation illustrates that the categories for post-exposure to MAHs or PAHs cocluster due to significant Raman bands for benzene ring breathing peaks at 1001 cm -1 and 1027 cm -1 for toluene or xylene, 760 cm -1 for naphthalene and 705 cm -1 for phenanthrene (see ESI Figure S2 ) [59] [60] [61] . The category for crude oil is located between pure alkanes and MAHs/PAHs, because it consists of various hydrocarbons, including alkanes, MAHs and PAHs. As a by-product from crude oil distillation, mineral oil is a mixture of n-alkanes and located very close to the category for pure alkanes 62 . Postexposure to MAHs (toluene, xylene) or PAHs (phenanthrene and naphthalene), PCA of A. baylyi fails to segregate these categories from unexposed comparator cells. The results were consistent with hydrocarbon capillary assay (Figure 2A ) in which the accumulated 16S rRNA copy numbers of A. baylyi were much higher in oil mixtures and pure alkanes treatments than those in PAHs and MAHs treatments, indicating that A. baylyi has chemo-attraction towards neither MAHs nor PAHs, which has been proved previously 16, 24 . After PCA, the categories for A. baylyi exposed to pure alkane or alkane mixtures co-cluster with those of the pure chemicals respectively, and are completely separated from the unexposed comparator cells. These results prove that the chemotactic association between alkane and A. baylyi is the key factor in altering Raman spectra. Such chemotaxis-related affinity is specific to alkanes and helps further alkane accumulation or internalization within A. baylyi cells, resulting in significant spectral alterations compared to those induced by other hydrophobic molecules (MAHs or PAHs). Thus, we conclude from the Raman spectral discrimination that the alterations in A. baylyi exposed to mineral oil or crude oil is attributable to chemotaxis-related affinity towards alkanes; these are the main components of mineral oil and crude oil.
Previous research has examined the mechanisms of alkane chemotaxis. In the presence of alkanes, OmpS is most likely the first sensor protein to transmit signals back to bacterial cells 63 . The chemotactic signals are stimulated by a complex protein 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56 57 58 59 60 system that is comprised of coupling CheW and methyl-accepting chemotaxis (MCP) to the histidine kinase CheA [64] [65] [66] . It is also reported that the MCP is captured firmly in this protein complex, whereas a substantial part of CheW and CheA is free in cells 67 .
The signals from OmsP are likely received by the MCP protein embedded on CheW/CheA complex. The coupling protein CheW2 is found in Alcanivorax dieselolei as the chemotaxis complex only induced by long-chain alkanes [68] [69] [70] [71] . Hence, bacterial chemotaxis towards alkanes is hypothesized to exhibit high specificity, and the chemotaxis-related alkane affinity and accumulation therefore follows the same behaviour. Our results provide direct evidence that Raman spectral alterations of A.
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Time-dependent Raman spectra alteration
To identify the optimal exposure time of A. baylyi to alkanes, bacterial cells were treated with 100 mg/L tetradecane or crude oil for 0.5, 1.0, 3.0 or 5.0 h. The results from PCA (Figure 3) indicate that the Raman spectral alterations of A. baylyi alkane association are time-dependent. With the sensitive chemotactic affinity of A. baylyi towards alkanes, significant spectral alterations are observed within 0.5 h for both tetradecane or crude oil, and the most discrimination is at 1.0 h. Interestingly, after 0.5 h exposure, the cluster of A. baylyi cells treated with tetradecane exhibits most discrimination compared to the untreated category ( Figure 3A ) versus cells exposed to crude oil ( Figure 3B ). Thus affinity of tetradecane appears stronger than crude oil. This is very likely explained by the complex composition of crude oil, which consists of alkanes, MAHs and PAHs. On the surface of crude oil droplets, all these molecules are evenly distributed, leaving fewer active sites of chemo-attractive alkanes for the effective recognition by the MCP of A. baylyi. The diverse hydrophobic components in crude oil droplets reduce alkanes bioavailability, challenge the access of bacteria to alkane molecules 72 and slow down alkanes utilization by A. baylyi 73 . The accessibility of A. baylyi to tetradecane is therefore faster and such stronger adhesion to pure alkane droplets has been reported [74] [75] [76] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A. baylyi has the alkane monooxygenese encoding alkM gene and can metabolize n-alkanes 16 . The activation of alkM is reported to occur within 30 min post-exposure to alkanes, when significant alkane degradation occurs 66, 74 . The alkane molecules accumulated on cell membrane or internalized inside A. baylyi cells were therefore hypothesized to be rapidly consumed. Our test on residual hydrocarbon concentrations (see ESI Figure S3 ) proves this hypothesis that the dramatic alkane degradation was only observed within the first 1 hour and its concentration remained stable thereafter. Thus, the amount of alkanes captured and accumulated by A. baylyi cells peaked at 1 hour and resulted in the most discrimination in Raman spectral fingerprints (Figure 3 ). This explains the diminishing spectral alterations after 1-h exposure. As a consequence, the Raman spectral categories of 0.5, 3 and 5 h exposure are clustered close to the original A. baylyi category in either tetradecane or crude oil treatments (Figure 3 , see ESI Figure S4 ). Thus, the highest alkane affinity and accumulation of alkanes was at 1.0 h, at which time the strongest spectral alterations are found. Therefore, 1-h exposure was applied for all the subsequent experiments.
Compared to the conventional hydrocarbon chemotaxis capillary assay (see ESI Figure S5 ) in which the maximum bacterial enrichment was 0.5 h for crude oil and 3 h for tetradecane, our Raman assay had different response time (1.0 h for both crude oil and tetradecane). It might be explained by the different chemotaxis-related behaviour quantified by the two methods. The chemotaxis capillary assay measures the chemotaxis-driven bacterial migration in alkane gradients, whereas the Raman spectral alteration represents the chemotaxis-related affinity and accumulation of alkane molecules on A. baylyi cells. It is worth highlighting that the Raman assay is a faster and higher throughput interrogation of specific chemical affinity and accumulation than the conventional capillary assay. Though the chemotactic response is around 1 hour in both methods, the Raman assay takes only 20 min for wash/dry and 1-2 min spectral measurement, much less than that required in determining bacterial enrichment by the capillary assay (3-4 hours by qPCR or 18 hours by plate counting). Additionally, the attractant only needs to be mixed together with targeting bacterial suspension, easier than the plunge and transfer of attractant medium in numerous capillaries in the conventional assay, allowing high-throughput detection for many chemicals in 96-well plates. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Quantification of alkane affinity and accumulation by Raman spectral alterations
Raman spectral alterations of A. baylyi chemotaxis-related affinity and accumulation towards alkane allow evaluation of the sensitivity of alkane affinity and to quantify alkane concentration in aquatic phase. Figure 4 illustrates the PCA categorisation of A.
baylyi Raman spectra following different exposures (1, 2, 5, 10, 20, 50 , 100 mg/L) of dodecane, tetradecane, mineral oil or crude oil, respectively. After 1-h exposure to the targeted alkane molecules or mixtures, all the characteristic peaks of A. baylyi remained the same, and the new altered peaks originated from alkanes (see ESI Figure   S6 ). The intensity of alkane characteristic peaks increased with increasing dodecane (or tetradecane) exposure, especially for the band at 1297 cm -1 which is annotated to representing CH 2 twist and bend, respectively (see ESI Figure S7 ). The consistent alteration (1297 cm -1 and 1439 cm -1 ) in all bacterial spectra exposed to alkanes and alkane mixtures prove that A. baylyi has specific affinity towards alkane molecules 16, 77 .
The results of LDA and dispersion indicator (D I ) scores plots show the specific chemotaxis-related affinity and accumulation of A. baylyi towards different alkanes ( Figure 5 ). There is no significant discrimination between the categories of A. baylyi exposed to 0, 1 or 2 mg/L dodecane ( Figure 5A ), while A. baylyi treated with 1 mg/L tetradecane is completely segregated from the negative control (0 mg/L, Figure 5B ). This indicates that the limit of alkane detection via Raman microspectroscopy is 5 mg/L for dodecane and 1 mg/L for tetradecane. Although A. baylyi can respond to alkane levels as low as 0.1 mg/L by bioreporter data 16 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 alkane molecules. Similar behaviour is observed for alkane mixtures, with a limit of detection of 1 mg/L for mineral oil and 2 mg/L for crude oil. With increasing alkane levels, the more alkane molecules accumulate on or inside A. baylyi cells and consequently result in increasing alkane characteristic peaks and more significant Raman spectral alterations. Above the limit of detection, all the alkanes or alkane mixtures gave rise to a semi-log linear regression relationship with D I (see ESI Figure S8 ). The semi-log linear slope of pure alkanes and alkane mixtures followed the order: mineral oil (0.583) > crude oil (0.532) > tetradecane (0.478) > 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 dodecane (0.399). The quantification range was from 1 mg/L to 100 mg/L for tetradecane and mineral oil, 2 mg/L to 100 mg/L for crude oil and 5 mg/L to 100 mg/L for dodecane. The values of semi-log linear slopes were consistent with the limits of detection for all the pure alkanes and alkane mixtures. It indicates the selectivity of alkane affinity and accumulation in A. baylyi varies with different carbon chain lengths. For instance, the cheY1 and cheY2 genes in Alcanivorax dieselolei are triggered by C 8 -C 24 n-alkanes and alkanes longer than C 24 , respectively 71 . In this study, A. baylyi had higher affinity towards and subsequently accumulation of tetradecane than dodecane, due to a lower limit of detection (1 mg/L vs. 5 mg/L) and higher slopes (0.478 vs. 0.399). The expression of genes related to alkane affinity and internalization in A. baylyi is therefore dependent on alkane carbon chain length, and it can be evaluated and quantified by Raman spectra. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The differing spectral alteration in mineral oil and crude oil treatments suggests that A. baylyi exhibits the stronger sensitivity of chemotaxis-related affinity and accumulation for mineral oil than crude oil. Considering the composition of the two alkane mixtures, mineral oil is fully composed of alkanes with different carbon chain lengths, whereas alkanes only account for 20-25% of the total weight of crude oil. Not all the molecules of crude oil can be chemotactically sensed by A. baylyi cells, consequently resulting in the lowest affinity and accumulation. More interestingly from linear slopes, both tetradecane and dodecane have lower affinity than mineral oil and crude oil. From the discussion above, the MCP recognition and expression is dependent on the carbon chain length of alkanes. For instance, the expression of alkM alkane monooxygenese gene in A. baylyi is more highly induced by dodecane than tetradecane, suggesting that the alkR encoding AraC-XylS-like transcriptional regulators has unique sensitivity towards alkanes with different carbon chain length 29, 36, 75, 78 . Thus, A. baylyi is hypothesized to have higher affinity towards some other alkane molecules with different carbon chain lengths in mineral oil or crude oil, and Raman spectral alterations of A. baylyi are enhanced post-exposure to mineral oil and crude oil.
Though the current detection limit of Raman assay is still above the natural hydrocarbon contamination level (0.1-1 mg/L) and does not meet with the monitoring requirement for environmental hydrocarbons, it can be improved by optimizing attractant medium, such as pH and ionic strength. Meanwhile, alkane affinity and accumulation has been extensively investigated, but there is a lack of effective approaches to quantify its sensitivity, which is one of restriction factors in bioremediation at oil contaminated sites. Our results successfully prove the concept that Raman spectral alterations provide a rapid, non-destructive tool towards understanding alkane affinity and accumulation. More research is required to address the mechanisms of chemotaxis-related alkane affinity and accumulation to a wider range of alkanes with differing carbon chain lengths.
Conclusion
Herein, we developed a novel alkane quantification method based on chemotaxisrelated alkane affinity and accumulation of A. baylyi and Raman spectral alterations.
To the best of our knowledge, this is the first study to show that Raman microspectroscopy can be used to identify and quantify the microbial chemotaxis-Page 20 of 25 Analytical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 related affinity and accumulation of alkanes. It opens up new possibilities for the rapid biological detection of aquatic alkane concentrations with natural microorganisms, instead of gene-modified bioreporters. Importantly, alkane chemoaffinity facilitates bacterial access to alkanes, and internalization determines alkane metabolism inside bacterial cells, both playing a key role in alkane degradation in the natural environment. The effective quantification of alkane affinity and accumulation via Raman spectra contributes to new insights into the microbial utilization of alkanes.
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